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Escherichia coli O157The Bacteriological AnalyticalManual (BAM)method currently used by the United States Food and Drug Admin-
istration (FDA) to detect Escherichia coli O157:H7 in spinach was systematically compared to a new ﬂow cytom-
etry based method. This Food and Drug Administration (FDA) level 2 external laboratory validation study was
designed to determine the latter method's sensitivity and speed for analysis of this pathogen in raw spinach. De-
tection of target cell inoculationswith a low cell count is critical, since enterohemorrhagic strains of E. coli require
an infective dose of as few as 10 cells (Schmid-Hempel and Frank, 2007). Although, according to the FDA, the
infectious dose is unknown (Food and Drug Administration, 1993). Therefore, the inoculation level into the
spinach, a total of 2.0 ± 2.6 viable E. coli O157 cells, was speciﬁed to yield between 25% and 75% detection by
the new method, out of 20 samples (10 positives and 10 negatives). This criterion was met in that the new
method detected 60% of the nominally positive samples; the corresponding sensitivity of the reference method
was 50%. For both methods the most likely explanation for false negatives was that no viable cells were actually
introduced into the sample. In this validation study, the ﬂow cytometry method was equal to the BAM in
sensitivity and far superior in speed.
Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Many foodborne outbreaks due to Escherichia coli O157:H7 are
associated with vegetables and fruits (including spinach, lettuce, cole-
slaw, salad) as a result of fecal contamination from domestic or wild
animals at some phase during cultivation or handling (World Health
Organization (WHO), 2011). Other modes of transmission to humans
are through contaminated undercooked ground meat and raw milk;
hand-to-mouth contact through the oral and fecal route; and contami-
nated water (World Health Organization (WHO), 2011). Food safety
regulators, food producers, distributors, and retailers need effectiveliams),
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ss article under the CC BY-NC-ND licmicrobiological methods with improved sensitivity, speciﬁcity, and
speed for quality control purposes to eliminate or reduce product con-
tamination by foodborne pathogens (American Type Culture Collection
(ATCC), 2012).
E. coli strains that produce Shiga-like toxins cause diarrheal disease
in humans (Paton et al., 1996). E. coli O157:H7, which produces Shiga-
like toxins, is a serotype that is commonly associated with major path-
ogenicity and is implicated in many cases of foodborne illness in the
United States (Chin, 2000). This organism can cause as high as 50%mor-
tality in the elderly (Anon., 2009) and kidney failure in children (Reilly,
1998). Accordingly, sensitive and rapid detection of its presence in the
food chain would be of great beneﬁt to public health.
A variety of rapidmethods for detecting E. coliO157:H7 in food have
been developed to augment or enhance conventional methods (López-
Campos et al., 2012). Some of these are based on bioluminescence, ﬂow
cytometry, immunology (e.g., enzyme-linked immunosorbent assay
ELISA), ﬂuorescent in situ hybridization (FISH), and quantitative real-
time polymerase chain reaction (Q-PCR) (López-Campos et al., 2012).
The latest U.S. Food and Drug Administration (FDA) Bacteriologicalense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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food, BAM 4a, speciﬁes the use of PCR, although earlier methods based
on selective media and colony morphology are also allowed when PCR
instrumentation is not available (Feng et al., 2011). In all situations,
the aim is to detect the offending pathogen as quickly and speciﬁcally
as possible. Screening large sample volumes from a diverse assortment
of fresh and processed foods necessitates that pre- and postharvest food
safety procedures be sensitive, dynamic, speciﬁc, versatile, cost-
effective, and easy to use (Gracias and McKillip, 2004).
Newmethods need to be compared and validated relative to a refer-
ence method (FDA, 2011). Under validation, the new method must ex-
hibit equivalent or superior sensitivity and selectivity compared to the
reference method. In a validation study, representative food matrix
samples should be assessed in a double-blind experimental design
(Feng et al., 2011).
Flow cytometry has been used in research since 1975 for bacterial
and yeast cell analysis (Frelat et al., 1990). However, ﬂow cytometry
was not used routinely in industrial microbiology until 1988 (Laplace-
Builhé et al., 1993). Flow cytometry combines sensitivity, speciﬁcity,
and speed for high-throughput detection. It detects individual particles,
distinguishing target cells from miscellaneous particles or non-target
bacteria based on the combination of light signals scattered from or
emitted by each cell. Detection of light scatter from a particle above a
user-deﬁned threshold is known as an event (Van der Vlist et al.,
2012). The ability to detect a single cell enables direct examination of
sampleswithout involving a lengthy enrichment process, thus eliminat-
ing the need for overnight growth (Manti et al., 2010). It has been used
in combinationwith ﬂuorescent probe technology for rapid and speciﬁc
detection and enumeration of bacteria in medical, veterinary and envi-
ronmental microbiology (Manti et al., 2010).
The ﬂow cytometer used in this study can quickly detect and
enumerate a few cells of E. coli O157, differentiating them from other
serotypes. Instrumental analysis takes 1 min with approximately 2 ad-
ditionalminutes required for an automated rinse procedure and loading
of the subsequent sample.
Four personnel thatwere inexperienced in using theﬂow cytometer,
only required 2 days to learn how to use the instrument. This also
assisted in allowing faster sample processing than the standard regula-
torymethod. The purpose of this studywas to characterize and validate
a new ﬂow cytometry (FC)method developed by the FDANational Cen-
ter for Toxicological Center (NCTR) for detection of E. coli O157:H7 in
25 g samples of spinachwith comparison to the reference Q-PCRmeth-
od described in the BAM Chapter 4a. Dr. Snyder (1998) cites references
from a compilation of outbreak data, that E. coli O157:H7 has an
infective dose ranging from 1–10 colony forming units (Paton
and Paton, 1998; Schmid-Hempel and Frank, 2007; Food and Drug
Administration, 1993). Therefore, the goal here was to demonstrate de-
tection of only a few E. coli O157 cells in raw spinach, a perishable food
for which minimal time-to-result (TTR) is required. This was accom-
plished by performing an external laboratory FDA level 2 validation. Re-
sults of this validation are detailed herein.
2. Materials and methods
2.1. Materials and methods of analysis
E. coli serotype O157:H7 isolate (ATCC 43895), originally isolated
from an outbreak, which produces both Shiga-like toxins I and II (Feng
et al., 2001), was used as a target strain. The experimental food source
was raw spinach obtained as two pound bags (West Creek, Richmond,
VA). The stock culture of E. coliwas grown to stationary phase in Tryptic
Soy Broth (BectonDickinson and Company, DIFCO™) andused for prep-
aration of dilutions in 1× Phosphate Buffered Saline (PBS) from 10−1
through 10−8. The number of cells in the 10−8 dilution was later veri-
ﬁed by plate count to be 2 ± 2.6 cells per 100 μL. This volume was
used to inoculate 25 g of spinach for the validation before the platecount number was available, but the concentration of viable cells in
the inoculum had been estimated as 1–4 per 100 μL using the ﬂow cy-
tometry method.
2.2. Validation experimental design
Based on the FDAMethods Validation Guidelines for Microbial Path-
ogens (pg. 8, FDA Foods Program and Science and Research Steering
Committee), external laboratory level 2 validation requires 20 samples
each for the standard and experimental methods, one inoculated and
one non-inoculated, for a total of 40. The validation also calls for aging
of the foodmatrix being validated, fresh spinach in this case. After inoc-
ulation, with either the bacterial dilution or phosphate buffered saline
(PBS), 40 sealed bags, containing spinachwere aged for 17.5 h in the re-
frigerator (3–4 °C). Twenty blank spinach samples and twenty low-level
positive inoculations of spinach were analyzed by the ﬂow cytometry
method and the BAM 4a method. The most recent BAM 4a method
uses a target-speciﬁc genetic probe for PCR ampliﬁcation in both the ini-
tial detection and the conﬁrmation steps (Feng et al., 2011).
Because the low inoculationwas intended to demonstrate the detec-
tion limit for the novel ﬂow cytometric method, range ﬁnding (pub-
lished earlier in Buzatu et al., 2013) established the nominal failure of
it at inoculation amounts so low that the most likely explanation was
failure to introduce any target cells. Since the rapid and regulatory
methods were being compared based on parallel samples rather than
samples split after enrichment, comparison of sensitivity was possible
only by recovery statistics; that is, of 10 or 20 nominally positive
samples, what percentage was actually deemed positive by the two
methods. The required sensitivity for the rapid method was equivalent
or better recovery than either PCR or the alternative plate culture regu-
latory standard.
Samples resulting in a questionable population of bacteria, in the ﬁnal
gate (FL1–FL3), and since we were doing method validation based on
blind sampling, were reprocessed to conﬁrm accurate cell counts (data
not shown) and avoid false positives/negatives. Reprocessing included
an additional 48-hour incubation at room temperature and a 10−4 serial
dilution of the sample before addition of the reagents, for detection of the
bacteria.
2.3. Sample preparation details for the validation
Forty samples of spinach (25 g each) were weighed out and placed
into sterile Whirl-Pak® ﬁlter bags (Nasco Whirl-Pak®). Twenty of the
samples were inoculated with 100 μL of the 10−8 dilution of E. coli
O157:H7 cells and 20 were controls, blanks inoculated using 100 μL of
sterile 1× phosphate buffered saline (PBS) instead of target positive in-
oculum. The liquids were gently massaged into the spinach leaves of
each sample. Simultaneous with spinach inoculation, triplicate plates
of tryptic soy agar (TSA) were inoculated with the same volume of the
10−8 dilution and incubated overnight to conﬁrm cell numbers by col-
ony count. The 40 samples were placed inside a refrigerator set at 3 °C
and aged overnight. The next morning, 20 of the samples, including 10
inoculated samples and 10 controls, were arbitrarily chosen, blind la-
beled, and assigned for processing using the reference method (BAM
Chapter 4a, PCR method). The other 20, 10 of each kind, were assigned
for processing using the FC method.
2.4. The ﬂow cytometer
The ﬂow cytometer was an Apogee Model A40 (Apogee Flow
Systems, Hemel Hempstead, England, UK). This ﬂow cytometer has
170 nm optical resolution, particularly useful in detecting small parti-
cles of the size of bacteria (FDA, 2011). The excitation source is a solid
state 20 mW 488 nm laser. Fluorescence emission is detected at the
standard FL1= 525 nm, FL2= 575 nm and FL3 N 610 nmwavelengths.
Photomultiplier tubes are used for all light scatter and emission
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for any speciﬁc ﬂow cytometric assay (i.e., E. coli O157 in this case),
the transmitted and excluded events are the same. This permits the
sharing of gate deﬁnitions for these cytometry assays among model
A40 instruments (Wilkes et al., 2012).
The appropriate gates for efﬁcient detectionwere deﬁned empirical-
ly based on the scatter or emission responses of a variety of E. coli O157
strains used as calibration standards, wherein samples were cultured
and handled by the methods indicated in the 21 step protocol. Each
gate had dimensions that would include all of the calibration samples
but would exclude any events falling outside this range. The result of
using so many gates so deﬁned and used in series was the exclusion of
non-qualiﬁed signalswith an efﬁciency of about 99.999%, a speciﬁcation
necessary when analyzing for pathogens in complex matrices like food.
By serial qualiﬁcation, theﬁrst gate of a negative sample can showmany
signals from the background signal and the last one, used for counting
true events, can show only zero or one qualiﬁed signal.
2.5. Bacteriological Analytical Manual sample processing
BAM 4a samples were processed using a modiﬁcation of the standard
regulatory procedure. Since only a 25 g sample of spinach, per bag, was
used instead of the 200 g composite sample amount speciﬁed in the man-
ual, a proportionally smaller volume of sterile PBS was added to each sam-
ple (i.e., 25 mL rather than 200 mL) before they were placed in a 37 °C
incubator for 5min. The rationale for this deviation fromtheprescribed reg-
ulatory standard was to avoid disadvantaging the sensitivity of the regula-
tory method by inoculating such a small number of cells and then
diluting them into a large volume of PBS. The likelihood of recovery for
such a dilute cell suspension would have been reduced relative to the
rapidmethodbecause extremedilutionof cells provides extra stress and re-
duces recovery (Feng et al., 2011). Modiﬁcation of the FCmethod for 200 g
food samples would have been possible but would have compromised one
of the rapid method's strongest features: e.g., low cost per analysis that al-
lows individual 25 g samples rather than 200 g composite samples to be
run. The decision tomodify the BAM4awas approved by FDA new regula-
tory method development authorities. All other processing using BAM 4a
was the same as outlined in the manual (Feng et al., 2011). A few salient
features are summarized in the following two paragraphs.
The 5-min incubation with shaking was executed so bacteria were
dislodged into suspension from the spinach leaves. After this time, a
20 mL volume of 2× modiﬁed buffered peptone water pyruvate
(mBPWP) (Remel, Labsource, Romeoville, IL) was added to each, before
placing themback into the 37 °C incubator for 5 h. Volumes for the three
antibiotics/inhibitors — acriﬂavine, celfsulodin, and vancomycin (MP
Biomedicals, LLC, Solon, OH), which are all ineffective against E. coli,
were also adjusted proportionally to produce a 45 mL total volume of
each sample. At the 5-hour point, the inhibitors/antibiotics were
added to depress competitive microﬂora and the samples were
returned to the incubator for overnight selective enrichment.
BAM 4a sample analysis included real-time polymerase chain reac-
tion (RT-PCR) using a SmartCycler® Real-Time PCR Thermal cycler,
Cepheid™, Sunnyvale, CA, USA (Feng et al., 2011).
2.6. Flow cytometric processing
The spinach samples went through several processing steps before
being analyzed on theﬂow cytometer. These processing stepswere nec-
essary to reduce or remove background ﬂuorescence associated with
concentrated spinach samples (Buzatu et al., 2013). In this validation,
concentration of the samples was required and multiple steps were in-
cluded so that incubation time could be reduced to 5 h and thus allow
detection of the target bacteria at the earliest possible time.
Processing included pulsiﬁcation to suspend the bacteria in liquid
media, photobleaching, large volume centrifugation for concentra-
tion of cells with spinach debris, ﬁltration and density gradientcentrifugation for spinach debris elimination followed by addition of
two reagents, Rapid-B™ Reagent A E. coli O157 for speciﬁc target cell
detection and Rapid-B™ Reagent B (Vivione Biosciences, Pine Bluff,
AR), which provides a mixture of accessory reagents (Buzatu et al.,
2013, 2014). Reagent A contains ﬂuorophore-labeled antibodies that
bind selectively to cell surface epitopes associatedwith E. coliO157. Re-
agent B contains a red DNA dye, propidium iodide, that is only absorbed
by bacteria if their cell membranes are compromised. When the red
color appears, it shows that the cells are dead. Reagent B also contains
cell surface conditioners and surfactants, is of general utility, serves
for all ﬂow cytometric pathogen-speciﬁc assays and allows for im-
proved epitope access (Buzatu et al., 2014).
There were 22 steps involved in the validation setup and sample
preparation (Buzatu et al., 2013). Step 13 in this validation, however,
used a 20 μm Nylon vacuum ﬁlter (Millipore Corporation, Billerica,
MA), before ﬁltration with the 5 μm Polyvinylidene Fluoride (PVDF)
syringe ﬁlter (Merck Millipore Ltd., Billerica, MA). A virulent strain of
E. coli O157:H7 ATCC 43895 was used in this validation, as opposed to
the avirulent strain in Buzatu et al.'s study.
3. Results
3.1. External laboratory level 2 validation, ﬂow cytometry data acquisition
protocol
Two employees with the Arkansas Regional Laboratory (ARL in
Jefferson, Arkansas), performed the NCTR ﬂow cytometry and BAM
assays. The NCTR Laboratory staff and the ARL analysts were blinded
to the identity of the samples (Figs. 1 and 2).
Triplicate plate counts later conﬁrmed an average of 2.0 ± 2.6
colony-forming units/100 μL. Neither BAM 4a nor the ﬂow cytometry
methods reported false positives. BAM 4a reported 5 positives as nega-
tives, whereas the FC method reported 4 positives as negatives
(Table 1). In both BAM 4a and the FC method, false negative results
are potentially explained by the low inoculation level: i.e., 100 μL of
the nominally positive spiking solutions actually contained no target
cells, resulting in a negative result.
The low level positive inoculation was chosen to demonstrate the
detection limit for theﬂow cytometrymethod, inwhich 2.0±2.6 viable
cells/25 g of spinach could be detected in 25–75% of the inoculated sam-
ples. Range ﬁnding established the nominal failure of the FC method at
inoculation concentrations so low that the most likely explanation was
failure to introduce any target cells. (i.e., if one inoculates at an estimat-
ed concentration of only 2.0 ± 2.6 viable cells, there is an almost equal
probability that any particular inoculum contains zero E. coli O157 cells
as it is that one or more were successfully applied to the spinach). The
low level inoculation indicates an average inoculation of 2 cells plus a
calculated standard deviation of 2.6 cells. This indicates an inoculation
range of−0.6 to 4.6, which indicates that some of the inoculated sam-
ples, may not have actually been inoculatedwith any E. coliO157 cells at
all.
Optimal growth media and enrichment temperatures for the FC
method differed from those of the regulatory method. This affected ex-
perimental design eliminating possible use of samples split after enrich-
ment, necessitating the use of parallel samples. Since the NCTR and
regulatory method were being compared based on parallel samples,
comparison of sensitivity was possible only by recovery statistics. That
is, the number of samples correctly identiﬁed as positive by the two
methods were compared out of 10 positive samples per method, with
each sample likely to contain at least one CFU E. coli O157:H7. The re-
quired sensitivity for the FC method was equivalent or better recovery
than the regulatory standard.
A single cell successfully inoculated might have suffered an extend-
ed lag phase, potentially leading to a lack of recovery and growth during
the short 5-hour enrichment period. For example, NCTR sample 1 in-
cluded at least one E. coli O157 cell, because a later reprocessing (data
Fig. 1. This ﬁgure illustrates the appearance of two dimensional light scatter and ﬂuorescence dot plots typical for an E. coli O157 negative sample in this validation experiment.
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positive. This likely happened because there was only one cell initially
and it was slow in the beginning to multiply. This interpretation argues
for lengthening enrichment time and consequently, a 6.5-hour enrich-
mentwas incorporated into further validation studies (data not shown).
In summary, BAM 4a reported ﬁve of ten and the FCmethod, four of
ten nominal false negatives. These results are shown in Table 1.
4. Discussion
4.1. Fast ﬂow cytometric method using antibody speciﬁc reagents
Developing rapid assays for food pathogen detection is needed to
decrease the time required to get accurate results and to increase
surveillance throughput. Traditional or conventional bacteriological
methods typically take several days to determine the presence of a
pathogen or toxin in a particular food (López-Campos et al., 2012) and
this can be problematic to all concerned. Various strategies, such as
antibody-based as well as chemical- or physical-based methods, have
been developed to detect pathogens from numerous sample matrices
(Bhunia, 2008; Stevens and Jaykus, 2004). In this study, we used an
antibody-based method, in conjunction with ﬂow cytometry, to detect
the presence or absence of the food pathogen E. coliO157:H7 in spinach.
This technique proved to be fast and very speciﬁc using reagents specif-
ically developed for the target bacteria.
The validation showed that the FC method was as sensitive as BAM
4a with PCR detection at an inoculation level of 2.0 ± 2.6 cells per
100 μL but much faster than the BAM 4 method (9 h TTR for the FC
method vs 51 h for BAM). The ﬂow cytometrymethod incorrectly iden-
tiﬁed 4 of 10 nominally positive samples as negatives. Only one of the 4
was a true positive, based on the reprocessing of the samples after anadditional 48 h incubation. BAM incorrectly identiﬁed 5 of 10 nominally
positive samples as negatives. The BAM method had no way of
reprocessing suspect samples thatmay have been incorrectly identiﬁed.
These results indicate that the ﬂow cytometry based method is at least
as sensitive as the reference method.
For any sample that the FC method determined as positive, there
were at least 14 viable cells, but typically many more, average 695 ±
544, n= 6. Each sample determined as negative had from 0 to 4 counts,
1.2 ± 1.5, n = 13. Based on the sample key, these low single-digit
counts were correctly classiﬁed as negatives. The averages 695 and 1.2
generate a ratio of 579 for distinguishing positive from negative sam-
ples. This signal to noise assumes that all the positive samples were
able to grow successfully in the 5 h enrichment period, which did not
happen for one ﬂow cytometry sample (i.e., sample 1).4.2. Advantages using the ﬂow cytometric method
Compared to the BAM method to determine the presence of E. coli
O157 in spinach, the advantages of the FC method are that it (1) takes
much less time, (2) is less labor intensive, and (3) is as accurate as
BAM. This 22-step, 9-hour ﬂow cytometry method/protocol is useful
as a screening tool to detect pathogens in foods (Buzatu et al., 2013;
Wilkes et al., 2012). One might use this method in cases where the
food matrix consisted of high concentrations of fats or particulate mat-
ter, because it is effective for eliminating or decreasing the high num-
bers of non-target ﬂuorescent food particles detected by the ﬂow
cytometer. The addition of phloxine B followed by light exposure
bleaches color from foods (Buzatu et al., 2013). Elimination of food
background ﬂuorescence makes it easier to detect a small number of
target organisms tagged with a ﬂuorophore.
Fig. 2. This ﬁgure displays the same gates as in Fig. 1 for a typical E. coli O157 positive analysis.
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1 cell per 100 μL in a 25 g amount of spinach and process 20 samples in
about 9 h. These times suggest use of the system in factory/shift workTable 1
External laboratory level 2 E. coli O157 in spinach validation ﬂow cytometer vs. Bacterio-
logical Analytical Manual results.
Sample
number
Flow 
cytometer
counts
Flow 
cytometer 
results*
BAM
results
†Nominal sample 
identification
1 1 – + +
2 3 – – –
3 0 – – –
4 14 + – +
5 55 + + +
6 1 – + +
7 0 – – –
8 1 – – –
9 120 + + +
10 3 – – –
11 146 + – +
12 4 – – –
13 32 + + +
14 0 – – –
15 0 – – +
16 0 – – –
17 59 + – +
18 3 – – –
19 1 – – –
20 0 – – +
Bold red “−” symbols indicate a false negative (i.e., the result obtained after processing of
the sample was incorrect compared to that of the nominal sample identiﬁcation).
⁎Results indicate the presence (+) or absence (−) of E. coli O157.
†Indicates nominal identity, see text under Validation experimental design and Discussion
sections.schedules that would allow for screening of many food samples in a
two shift, 16-hour period. The time savings and higher samplemonitor-
ing throughput would help to decrease the number of cases of illness
resulting from ingestion of contaminated spinach by the food pathogen
E. coli O157:H7.
5. Conclusions
The ﬂow cytometrymethod (FC) provided results in a fraction of the
time required for the BAM procedure (9 h total time-to-results for the
FC method, compared to 51 h total time-to-results for BAM). It pro-
duced no false positives among the sample blanks. In regard to the val-
idation, when compared to the PCR regulatory method, among ten
nominal positives (containing E. coliO157) inoculatedwith 2.0±2.6 vi-
able cells per sample, the FCmethod reported 6 of 10 as positivewhere-
as on parallel samples the PCRmethod reported 5 of 10 as positive. Both
of these results on very low level positive inoculations could be reason-
ably explained, in all but the ﬁrst FC method sample, by the likelihood
that the “false negatives” actually never contained any viable E. coli
O157 cells. These results do not demonstrate a statistically signiﬁcant
difference, so no claim is made based on them that the ﬂow cytometry
based method showed greater sensitivity than the BAM 4a with PCR.
It did, however, reduce detection time.
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